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domain-specific activity was associated to worse performance in object mnemonic discrimination in older adults. Taken together, we show the fine-grained functional organization of the MTL into domain-specific pathways for objects and scenes and their mnemonic discrimination and further provide evidence that aging might affect these pathways in a differential fashion. Future experiments will elucidate whether the two pathways are differentially affected in early stages of Alzheimer's disease in relation to amyloid or tau pathology.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT

Introduction
In the medial temporal lobe (MTL) there are domain-specific pathways that support different types of information processing and memory (Ranganath and Ritchey, 2012; Ritchey et al., 2015) . The two pathways receive information from two different visual streams, which connect regions that are involved in object and spatial vision with the perirhinal (PrC) and parahippocampal cortex (PhC), respectively (Kravitz et al., 2011; Mishkin et al., 1983) . While the PrC is more involved in the processing of (Diana et al., 2012; Litman et al., 2009 ) and memory for objects and content (Davachi et al., 2003; Ekstrom and Bookheimer, 2007; Libby et al., 2014; Schultz et al., 2012; Sheldon and Levine, 2015; Staresina et al., 2013 Staresina et al., , 2011 , the PhC is associated with the processing of (Diana et al., 2012; Epstein and Kanwisher, 1998; Litman et al., 2009 ) and memory for spatial layouts, context and scenes (Ekstrom and Bookheimer, 2007; Libby et al., 2014; Schultz et al., 2012; Staresina et al., 2013 Staresina et al., , 2011 . Studies in rodents suggest that the two pathways extend towards the entorhinal cortex (ErC).
In rodents the lateral ErC (LEC) is more involved in object memory and processing of local landmarks whereas the medial ErC (MEC) is critical for spatial memory and processing of global landmarks (Knierim et al., 2014) . Recent fMRI studies used functional connectivity analyses to investigate the human homologues of LEC and MEC in rats and found strong evidence that these subdivisions correspond to the anterior-lateral (alErC) and posterior-medial (pmErC) ErC in humans, respectively (Maass, Berron et al., 2015; Schröder, Haak et al., 2015) .
The hippocampus, especially the dentate gyrus (DG), plays an important role in pattern separationa mechanism which is hypothesized to be critical for the discrimination of very similar memories (Leutgeb et al., 2007; Neunuebel and Knierim, 2014) . Hippocampal pattern separation thereby relates to the decorrelation of similar input patterns to create distinct and independent representations that reduce the interference between these similar memories (McClelland et al., 1995; Treves and Rolls, 1992) . Strong evidence for the role of the human DG in pattern separation has been shown in functional magnetic resonance imaging (fMRI) studies using mnemonic discrimination tasks that are likely to pose high demands on pattern separation (Bakker et al., 2008; Berron et al., 2016; Lacy et al., 2011) . However, it is less clear how subregions in extrahippocampal pathways such as the PrC, PhC and ErC are involved in mnemonic discrimination. A recent study from Reagh and colleagues showed that PrC and PhC but also the ErC are involved in mnemonic discrimination of similar objects and changes in object location (Reagh and Yassa, 2014) . On the other hand, studies on perceptual discrimination of objects and scenes with patients that either have lesions including the PrC or the hippocampus also suggest the involvement of extrahippocampal regions. While PrC has been shown to have a special role in the discrimination of objects with high feature overlap, the hippocampus seems to be critically involved in scene discrimination (Barense et al., 2005; Lee et al., 2005a Lee et al., , 2005b .
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Mnemonic discrimination has been shown to decline with age (Stark et al., 2015 (Stark et al., , 2013 . Studies using mnemonic discrimination tasks showed that older adults tend to call similar items more likely old compared to young individuals, with no difference in judging repeated items as old. This is often interpreted as a deficit in pattern separation functions and a concomitant bias towards pattern completion (Stark et al., 2015; Vieweg et al., 2015; Yassa et al., 2011a) . These behavioral deficits may be related to an impairment of MTL subregions and ageing as well as neurodegenerative diseases affect the integrity of brain systems and subregions in the MTL (Jagust, 2013; Leal and Yassa, 2015; Small et al., 2011) . For example, age-related degradation in perforant pathway integrity and bloodoxygen-level dependent (BOLD) hyperactivity in CA3 have been associated with impairments in mnemonic discrimination (Bakker et al., 2012; Yassa et al., 2011b) . However, one of the earliest cortical sites where Alzheimer's Disease (AD) related pathology can be detected even before being evident in the hippocampus is the transentorhinal region, which is part of the PrC, and the ErC (Braak and Braak, 1991) . This has received support by recent neuroimaging studies demonstrating a decrease in cerebral blood volume and reduced grey matter thickness in the anterior temporal lobe including the PrC and ErC in preclinical and early AD (Khan et al., 2014; Krumm et al., 2016; Yushkevich et al., 2015b) . Given that ErC, PrC and PhC are critically involved in memory for objects and scenes, the impairment in PrC-alErC and PhC-pmErC can also yield degraded inputs to the hippocampus and thus contribute to the impaired discrimination of similar lures.
To investigate age-related behavioral and functional changes related to the two memory domains we developed a novel object-scene mnemonic discrimination task, which poses high demands on pattern separation. This task was designed to allow the investigation of behavioral discrimination performance as well as the neural organization of mnemonic discrimination of objects and scenes. In addition, the paradigm provides two potential imaging measures of functional integrity. First, we will analyze domain-specificity within both MTL pathways to investigate their functional architecture as well as age-related effects. Second, we will investigate the involvement of MTL pathways in mnemonic discrimination by analyzing lure-related novelty responses based on a repetition suppression approach. In this study, we used these measures to investigate the organization and integrity of MTL pathways in a group of young as well as healthy older individuals using fMRI.
Materials and methods
Participants
Forty-six healthy young and 47 healthy older subjects participated in this experiment. Subjects were recruited in Bonn and Magdeburg. We excluded subjects with extensive head motion within the scanner (> 2 mm (translation), n=3) prior to any functional analysis. Furthermore, we did not analyze data from subjects whose task performance was more than 2 standard deviations below the group mean performance (n=3). The final sample consisted of 43 young (mean age = 24; SD = 3.5; 21 female) and 44 older subjects (mean age = 68.8; SD = 5.7; 21 female). Subjects were screened for known metabolic disorders (known history of hypertension or diabetes) and neurologic or psychiatric history and excluded from further examination in case of incidents reported during history taking. In addition, normal and corrected vision was assessed using standard procedures and printed stimulus materials comparable to the materials used during the experiments. Mini-Mental-Status-Examination scores were available for the older group from only one site (mean score 29 (SD=1.6)). To make sure that both older groups were comparable in cognitive performance, we statistically compared task performance of subjects with and without an MMSE test score. This analysis showed no difference between the groups in object or scene discrimination performance. The study was conducted and designed in accordance with the Declaration of Helsinki (Williams, 2008 ) and all subjects gave informed and written consent for their participation in accordance with ethic and data security guidelines of the Otto-von-Guericke University Magdeburg and the German Center for Neurodegenerative Diseases (DZNE). The study was approved by the local ethics committees in Magdeburg and Bonn.
Stimuli and setting
Stimuli consisted of computer-generated (3ds Max, Autodesk Inc., San Rafael, USA) and isoluminant images. The images were comprised of every day indoor objects presented on a grey background as well as empty indoor scenes (empty rooms, see Figure 1 ). To engage different MTL processing pathways lure stimuli were created only by changing spatial features in both stimulus categories.
While we changed the local features of the objects (shape of the table leg (see Figure 1C ) but not color, position or size of the objects), we changed the global features of the rooms (geometry of the empty room but again not the color or viewpoint). Each room and object was presented two times where the second presentation was either an identical (repeats) or a very similar version (lures). A M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT resolution (1280 x 800 Px) 30'' LCD display (medres, Köln, Germany) and study participants watched them through a mirror mounted on the head coil, subtending a visual angle of about 16.8°. For experimental presentation, we used Presentation-Software (Neurobehavioral Systems, https://nbs.neuro-bs.com). Subjects' positioning in the MRI scanner as well as sequence preparation steps, e. g. image angulation, was standardized across both sites by provided standard operating procedures and on-site training.
Task and experimental design
Prior to scanning, subjects were instructed verbally and saw a standardized visual instruction with all information regarding the experiment. Subsequently, they had to learn the task within a 5-minute training session outside the scanner. In addition, a standard vision screening procedure as well as a visual discrimination test with stimuli comparable to the ones used in the experiment were conducted to rule out possible confounding effects of a deficit in visual perception. Vision was corrected using MR compatible devices if necessary. During the following fMRI session, stimuli were presented in sequences of four stimuli (see Figure 1 A and B) of either objects or scenes. The first two stimuli of a sequence were always new images, whereas the following two could be either an exact repetition (repeat) or a very similar version of the previous ones (lure). Stimuli were presented in an event-related design, in which each stimulus was shown for 3s and stimuli were separated by a fixation star. Inter-stimulus intervals, ranging from 0.6 to 4.2s (mean 1.63s), were jittered to optimize statistical efficiency (Dale, 1999) . Intervals between sequences were longer (mean 2.43s) to stress the end of a sequence. Subjects had to respond to each stimulus with old/new judgments using their right index and middle finger. Old/new judgments were preferred over old/new/similar judgments to reduce task difficulty especially for older subjects. Subjects were told to press "new" for entirely new images but also for very similar versions of earlier images. "Old" responses should be given for exact repetitions. Although we consequently cannot rule out that a subject considered a similar version of an earlier stimulus as an entirely new stimulus, this was highly unlikely given the short memory delay in the task. The presentation of sequences was counterbalanced with respect to objects and scenes as well as repeats and lures. Thus, a sequence could consist of only objects or scenes but it was unpredictable for a subject whether there will be a lure or repeat pair as all possible combinations (i.e. lure-lure, repeat-repeat, repeat-lure and lure-repeat) were counterbalanced. This resulted in a total of 56 sequences (where each sequence consists of 4 stimuli) across both domains with 56 firstrepeat pairs and 56 first-lure pairs, which add up to a total of 224 object and scene trials. 
Behavioral data analysis
Accuracy scores and reaction times were analyzed using SPSS 24 (IBM, Armonk, USA). Hit rates (repeats percent correct), false alarm rates (lures percent incorrect) and corrected hit rates (hit rates minus false alarm rates) were calculated for the object and scene condition. We performed a mixed ANOVA to test for differences in task accuracy with two within-subject factors task-condition (hit rate, false alarm rate) and domain (object, scene), and the between-subjects factor age group (young, older). In addition, we performed a mixed ANOVA to test for differences in reaction times for hits (correct old responses to repeats), correct rejections (correct new responses to lures) and false alarms (incorrect old responses to lures) with within-subject factors responses (hits, correct rejections and false alarms) and domain (object, scene), and between-subject factor age group (young, older). We did not analyze reaction times for misses (incorrect new response for repeats) as there were not enough events for statistical analysis (ca. 3 events per subject).
Imaging data acquisition
The study was conducted on two different sites, each using a 3T MRI system of the same vendor (Siemens, Erlangen, Germany) and a 32-channel head coil. Site 1 (Magdeburg) used a 3T MAGNETOM Verio with software version VB19, and site 2 (Bonn) a 3T MAGNETOM Skyra with software version VD13. At both sites a group of young and a group of older subjects was scanned. Both sites used identical, vendor-provided sequences for the MRI acquisition. Prior to the functional MRI session, a whole-head 3D magnetization prepared rapid acquisition gradient echo (3D-MPRAGE) volume with 1mm isotropic resolution, FOV = 256 x 256mm², TR/TE/TI = 2500/4.37/1100ms, FA = 7° and BW = 140Hz/Px was acquired. Subsequently, two fMRI runs with 242 volumes each were recorded using a gradient-echo echo-planar imaging sequence (GE-EPI) with 2 x 2mm² in-plane resolution, FOV = 208 x 208mm², TR/TE = 2400/30ms, 10% slice gap, interleaved acquisition scheme, 40 slices with 3mm slice thickness (young group at site 1) and 36 slices with 3.4mm slice thickness (young group at site 2 and older groups at site 1 and 2). Total acquisition time for each EPI run was 12 minutes.
FMRI data analyses
Preprocessing and first level analysis
For preprocessing and statistical analyses we used the Statistical Parametric Mapping software (SPM, Version 12; Wellcome Trust Centre for Neuroimaging, London, UK). All functional images were corrected for differences in the time of slice acquisition and were realigned to the first image of the first session following motion estimation. The anatomical T1 image was co-registered to the mean functional image. Functional images were spatially smoothed using an isotropic Gaussian kernel of FWHM 4 x 4 x 4mm with the purpose of increasing the signal-to-noise ratio (SNR). Images were highpass filtered (128s) to remove low-frequency signal drifts. We used a first-order autoregressive M A N U S C R I P T
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11 model (AR-1) for estimating temporal autocorrelations by using restricted maximum likelihood estimates of variance components. To model the functional data, delta functions defined by the onset of a stimulus on a trial-by-trial basis were convolved with a hemodynamic response function (HRF). First and second level data were analyzed using a mixed-effects general linear model (GLM) approach. All experimental conditions were entered into the GLM as separate regressors for the following conditions: first presentations, repeats, correct lures and incorrect lures separately for objects and scenes (i.e. 8 conditions total). Data from the first and second run were concatenated using the spm_fmri_concatenate.m function in SPM12. Using this function, the high-pass filtering and pre-whitening were applied on a session-specific basis in the usual way. Furthermore, six motion parameters were added as regressors of no interest to minimize false positive activations due to task correlated motion (Johnstone et al., 2006) . At single subject level, contrasts were created by comparing all scene and object trials (scene firsts, repeats and lures > object firsts, repeats and lures; and vice versa). Furthermore, we built individual contrasts for all conditions to extract region specific t-values. To include all voxels in the MTL an explicit mask involving grey and white matter as well as cerebrospinal fluid (CSF) was used in SPM12.
Manual delineation of medial temporal lobe subregions
For each subject, anatomical masks for extrahippocampal MTL regions as well as for the hippocampus were manually traced on T1-weighted images by two experienced raters. These images were co-registered to the mean EPIs beforehand. Masks were identified in bilateral MTL and traced on consecutive coronal slices. Segmentation was performed for each hemisphere separately using a freehand spline drawing tool based on MeVisLab (MeVis Medical Solutions AG, Bremen, Germany).
This tool provided a user-friendly interface for spline drawing and editing, with which the outer borders of the masks were traced closely. The outer border contours were converted to NIfTI (Neuroimaging Informatics Technology Initiative) images for further processing (Kuijf, 2013; Wisse et al., 2012) . All NIfTI masks were subsequently resampled to the mean functional image. Segmentation M A N U S C R I P T
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12 using the protocol we suggested earlier and is described in Maass, Berron et al. (2015) . PrC was defined as the region between the medial and lateral edges of the collateral sulcus (covering the medial and lateral bank). Segmentation of the PhC started directly posterior to PrC and ErC. Labeling was continued posteriorly, ending on the last slice where the inferior and superior colliculi were jointly visible. The PhC was delineated as the region between subiculum (medial border) and the deepest point of the collateral sulcus (Zeineh et al., 2001) . Inter-rater reliability in terms of Dice Similarity Index (DSI) (Dice, 1945) was assessed in 4 hemispheres and confirmed high-to-excellent reliability ranging from 0.89-0.93 (HC=0.92 (SD= 0.01); PrC=0.93 (SD=0.03); PhC=0.89 (SD=0.02)).
Across participant alignment (ROI-ANTs)
To enable precise cross-participant alignment for hippocampal and parahippocampal regions, first level contrasts were normalized to a study-specific template using region of interest-Advanced Normalization Tools (ROI-ANTS) (Avants et al., 2011; Klein et al., 2009; Yassa and Stark, 2009 ). First, a study-specific template was created including all young and older participants (Avants et al., 2010) .
Second, regions-of-interest (ROIs) in the MTL were segmented manually. Therefore, hippocampal head (HH; on the first slice on which it appears), ErC (on the first 4 consecutive slices, starting on the HH slice), hippocampal body (HB) and PhC (same slices as HB) were labeled on the study-specific template as landmarks for the subsequent landmark-guided alignment. Similarly, subject-specific ROIs were drawn on the individual T1 images to match the template priors. Second, the expectationbased point set registration ("pse"; step size: SyN[0.5]) was used to register the individual MPRAGEs on the T1-template based on the labeled point sets (= ROIs). The resulting transformation matrix was then applied to each participant's contrast image as well as to the MTL masks in order to verify alignment precision. Finally, the aligned contrast images were submitted to second-level group analyses. During this spatial normalization procedure images were resampled to a resolution of 1x1x1 mm voxel size.
Group analysis
Spatially normalized first level contrasts were subjected to a second level one sample t-test. A regressor was added to account for the variance from the two different sites. Activations were thresholded at FWE (cluster) < .05 with an initial cluster-defining threshold of p < .001.
ROI analysis
For region of interest analyses we extracted mean t-values from anatomically defined masks in the MTL. To investigate domain-specificity within MTL regions we extracted domain-specificity from the scenes > objects contrast (Scenes minus objects), which we refer to as domain-specificity score.
Positive domain-specificity scores indicate higher activity for scenes whereas negative scores reflect M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 13 higher activity for objects. We also investigated lure-related novelty responses, which is the difference in activity for similar lures compared to repetitions. Therefore, we extracted mean tvalues from the correct lures > repeats contrast for objects and scenes (scene correct lures minus scene repeats; object correct lures minus object repeats). We used one-sample t-tests to test for domain-specificity and lure-related novelty responses in PhC, PrC, as well as pmErC, alErC and the hippocampus. Furthermore, we used ANCOVAs to compare difference scores and lure related novelty responses between age groups.
Individual anatomical masks were thresholded using the implicit mask in SPM12 (0.8) prior to the ROI analysis. This was done to delete drop-out voxels from the anatomical masks (see more information on overall drop-out rates in the supplementary information). One older subject had severe signal drop-outs specifically in alErC and therefore had to be excluded from alErC analyses.
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Results
Behavioral performance across both task conditions
Accuracy
For discrimination accuracies, a mixed ANOVA with the within-subject factors domain (scene and object) and measure (hit rate and false alarm rate) and the between-subjects factor age group (young and older) was performed. This mixed ANOVA showed no significant main or interaction effects for the domain, suggesting that there was no difference in accuracies between the scene and object condition neither in young nor in older subjects. However, there was a significant interaction of measure and age group (F 1,85 = 36.9, p < .001) which was due to higher false alarm rates but not hit rates in older compared to young subjects (Post-hoc t-tests: Scenes: M FARyoung =36.7, M FARolder =57.9, p<0.001, Objects: M FARyoung =37.6, M FARolder =54, p<0.001; see Figure 2A ). Post-hoc t-tests also confirmed that there was no significant group difference in hit rates (Scenes: M HRyoung =87.8, M HRolder =86.5, p=.525, Objects: M HRyoung =88.12, M HRolder =88.3, p=.933).
Reaction times
We performed a mixed ANOVA with the within-subject factors domain (scene and object), condition (hit, correct rejection and false alarm) and the between-subjects factor age group (young and older) to analyze reaction times. This mixed ANOVA showed no significant main or interaction effects for the domain, again indicating that there is no difference between the scene and object condition neither in young nor in older subjects. However, there was a significant interaction of condition and age group (F 1.29, 168 = 4.4, ). This was due to faster reaction times associated with hits and false alarms in older compared to younger adults (Post-hoc t-tests: Figure 2B ). In addition, there was a significant effect of condition indicating that response times varied across hits, correct rejections and false alarms (F 1.29,168 = 25.8, p = .000). To investigate whether the object and scene condition in our task indeed target different cortical systems we calculated first level contrast images comparing all object vs. scene conditions (objects > scenes) as well as the complementary contrast where we compared all scene vs. object conditions (scenes > objects) for young (n=43) and older subjects (n=44). We found that each task condition engaged specific functional pathways (see Figure 3) . While the scene condition showed higher activation in middle occipital and parietal regions, precuneus, posterior cingulum, retrosplenial cortex (RsC), PhC, cerebellum and the subiculum, the object condition showed increased activation in middle, inferior and lateral occipital cortex (LOC), inferior parietal lobule, inferior, middle and superior temporal gyrus, fusiform gyrus (FG), amygdala (A), PrC, basal ganglia, the insula as well as frontal areas (see supplementary tables 1 and 2 for coordinates in the group-specific template space, and cluster statistics for young and older subjects). Figure 3 . Whole brain posterior and anterior systems associated with scene and object conditions. Scene > object (upper panel) and object > scene (lower panel) contrasts in young (n = 43, A and C) and older adults (n = 44, B and D). Results are thresholded at FWE (cluster) < .05 with an initial cluster-defining threshold of p < .001 and overlaid on the study-specific group template. White lines illustrate the longitudinal level of the coronal slices.
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Anterior-lateral (alErC) and posterior-medial EC (pmErC) are differentially involved in object and scene conditions
To investigate the two different pathways in more detail within the MTL, domain-specific activity in PhC and PrC, the anterior-lateral (alErC) as well as the posterior-medial portion (pmErC) of the entorhinal cortex (ErC), and the hippocampus was analyzed. A scene vs. object difference score was calculated by subtracting the t-values for all object conditions from all scene conditions. Consequently, a domain-specificity score higher than zero indicates preferential involvement of a specific region in the processing of scenes, while a score below zero indicates preferential involvement in object processing (see Figure 4) . We tested for domain-specific involvement of regions in the MTL across the entire sample, i.e. young and older individuals combined, using one- Figure 4A ).
Given that perirhinal and parahippocampal cortices show strong domain-selective activity, it could be that there is blurring or bleeding from those regions into subregions of the entorhinal cortex and drives the results. Thus, we performed a control analysis which shows that our results are not driven by the influence of neighboring regions and can be found in the supplementary information. (D) show the relationship of the performance in the object condition and the PrC domain-specificity scores in young and older individuals, respectively. While there is no significant relationship in the young group, there is a significant negative correlation in the older individuals. PhC, parahippocampal gyrus; pmErC, posterior-medial entorhinal cortex; PrC, perirhinal cortex; alErC, anterior-lateral entorhinal cortex; HC, hippocampus. 
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Age related changes in domain-specificity within MTL pathways
To compare domain-specificity scores between age groups, we performed an ANCOVA with the difference scores of all subregions (PhC, pmErC, PrC, alErC, HC) and the factor age group (young, older). Furthermore, we added two covariates to account for the potential effects of different MR scanners (scanner) as well as the different sequences (sequence). There was a significant main effect of subregion (F 2.9,237 = 21.5, p = <.001) but no significant main effect of age group (F 1,82 = .548, p = .461). However, there was a significant interaction between subregion and age group (F 2.9,237 = 3.7, p = .006). This interaction was due to reduced domain-specificity as shown by post-hoc t-tests in PrC for violations of sphericity where necessary. With respect to the covariates, there was no significant effect of scanner but a significant interaction of subregion and sequence (F 2.9,237 = 5.1, p = <.002). This interaction of MR sequence and subregion was due to lower domain-specificity scores in PhC in the young group from Magdeburg compared to the three other groups (M seq1 =0.7, M seq2 =0.2, p<.001).
There was no difference in the other subregions.
Finally, we asked whether the domain-specificity score in the PrC was related to the subjects' task performance. Therefore, we calculated Pearson correlations between z-scored domain-specificity scores in the PrC and the corrected hit rates for objects and scenes in the whole sample and separately for young and older participants. There was a significant correlation between the object corrected hit rates and the domain-specificity scores in the PrC in older individuals (r=-.383, p=.010) but not in young individuals (r=-.053, p=.737) or the entire sample (r=-.201, p=.06) (se Figure 4 C and D). There was also no significant correlation between the scene corrected hit rates and the domainspecificity scores in the PrC in neither group (entire group: r=-.107, p=.326; young: r=-.011, p=.946; older: r=-.256, p=.094) . Thus, older subjects showed significantly reduced domain-specificity scores in PrC, which in turn were associated with reduced performance in object discrimination exclusively in the older age group.
Lure-related novelty responses for object and scene conditions in MTL subregions
We used repetition suppression based fMRI contrasts to identify lure-related novelty responses throughout MTL subregions in all participants. Novelty responses for similar lure trials were calculated by subtracting repeat trials from correct lure trials ("lure related novelty", see Figure 5 ).
One-sample t-tests were used to test whether those difference scores were significantly different from zero. Those revealed significant lure-related novelty responses for objects in the PrC (M PrC =0. Figure 5 ). For scenes, we found significant novelty responses in the hippocampus, PrC, PhC as well as alErC, although only PrC, PhC and hippocampus survived multiple comparison corrections (M HC =0.14, SEM=0.04, T=3.8, p<.001; M PrC =0.17, SEM=0.05, T=3.6, p=.001, M PhC =0.14, SEM=0.04, T=3.7, p<.001; M alErC =0.11, SEM=0.05, T=2.3, p=.027 ) (see Figure 5A ). There was no significant novelty responses in pmErC (M pmErC =0.07, SEM=0.05, T=1.4, p=.177) . This suggests, while the hippocampus, PrC and PhC were preferentially involved in scene mnemonic discrimination, PrC and alErC were preferentially involved in object-mnemonic discrimination. However, paired t-tests between PrC and PhC as well as alErC M A N U S C R I P T
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and pmErC, respectively, could not reveal significant differences in lure-related novelty responses for neither objects nor scenes.
Finally, we performed multivariate ANCOVAs to test for group differences in lure-related novelty signals while accounting for the potential effects of MRI scanner (scanner) and the used MR sequence (sequence). These did not reveal any age-group differences for lure-related novelty responses in objects (F 1,82 = 0.8, p = .362) or scenes (F 1,82 = 2.6, p = .114). 
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Discussion
In this study, we investigated the functional anatomy of MTL pathways in young and healthy older individuals using a novel domain-specific mnemonic discrimination task. Crucially, regions from different cortical systems, namely the anterior-lateral and posterior-medial system (Ranganath and Ritchey, 2012; Ritchey et al., 2015) were associated with object and scene processing, respectively.
Furthermore, we found that domain-specific MTL pathways in parahippocampal (PhC) and perirhinal cortex (PrC) extend towards subregions in the entorhinal cortex (ErC) across the entire sample. While the anterior-lateral portion was more involved in object processing and memory, the posteriormedial portion was more involved in scene processing and memory. The hippocampus, however, did not show a preference for either object or scene processing. Furthermore, investigating mnemonic discrimination across the MTL using lure-related novelty responses, PrC and alErC were involved in object discrimination, while PhC, PrC and the hippocampus were involved in scene discrimination.
When comparing age groups, older subjects showed a diminished performance (i.e. increased false alarms) in discriminating similar lure images irrespective of the domain. In contrast to comparable lure-related novelty responses in MTL subregions ( Figure 5C and D) , domain-specificity in PrC in older subjects was significantly reduced ( Figure 4B ). Furthermore, this reduction in PrC domain-specificity in older adults was associated to worse performance in object mnemonic discrimination.
Functional organization of MTL pathways
Our findings regarding domain-specific responses in PhC and PrC fit well with earlier studies investigating material-specific processing in the MTL using object and scene stimuli. These studies showed that PhC is indeed preferentially involved in scene processing, whereas PrC is more involved in object processing (Davachi et al., 2003; Ekstrom and Bookheimer, 2007; Libby et al., 2014; Staresina et al., 2013 Staresina et al., , 2011 . We extend this with our finding that differential activity extends to entorhinal subregions. Based on the functional role of the medial (MEC) and lateral ErC (LEC) in rodents, one would expect that both segments show differential involvement in the object and scene condition of our task. While MEC has a higher density of head-direction and grid cells, which are modulated by spatial location and global landmarks (Hafting et al., 2005; Knierim et al., 2014; Sargolini et al., 2006) , cells in LEC respond to individual objects and local landmarks (Deshmukh and Knierim, 2011; Knierim et al., 2014) . Recent human studies found that strictly lateral and medial portions of the ErC showed differential activity in memory tasks. Reagh and Yassa showed that a strictly lateral ErC portion was more involved in processing of object identity lures, whereas a strictly M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 22 medial ErC section was more involved during a task where the object location changed on the screen (Reagh and Yassa, 2014) . Similarly, Schultz and colleagues showed differential activity in an interference working memory task where activity in a strictly lateral and medial portion was associated to the face and scene condition, respectively (Schultz et al., 2012) . To investigate domainspecificity in the ErC, we used masks that resulted from an earlier study (Maass, Berron et al., 2015) .
In that study, we used intrinsic functional connectivity to investigate the human homologues of the lateral and medial entorhinal cortex described in rodents and our data suggested an anterior-lateral (alErC) and posterior-medial (pmErC) portion rather than a strictly medial-lateral division. In the current study, we indeed found that pmErC was more involved in scene processing whereas alErC showed higher activity for the object condition. This also corroborates earlier findings from Schröder and colleagues, who reported a similar pattern associated with the presentation of photographic object and scene stimuli (Schröder, Haak et al., 2015) . Our results therefore yield further evidence that al-and pmErC are part of domain-specific pathways that are differentially involved in processing of objects as well as scenes.
Lure-related novelty responses in the hippocampus and extrahippocampal regions
Our results also shed light on the organization of mnemonic discrimination throughout subregions in the MTL. Earlier studies suggest that the hippocampus, especially DG and CA3, but not other subregions in the MTL exhibit lure-related novelty responses in object (Bakker et al., 2008; and also complex scene mnemonic discrimination tasks (Berron et al., 2016) that are typically viewed to be consistent with pattern separation computations. On the other hand, studies on perceptual discrimination of objects and scenes suggest that while PrC plays a critical role in discriminating objects with high feature overlap, scene discrimination mostly relies on the hippocampus (Barense et al., 2005; Lee et al., 2005a Lee et al., , 2005b . Recently, Reagh and Yassa reported extrahippocampal lure-related novelty responses in PrC, PhC and ErC in addition to DG/CA3 in a mnemonic discrimination task of object identity as well as changes in object location (Reagh and Yassa, 2014) . This suggests that lure-related novelty responses might not be limited to the hippocampus. Indeed, in this study we found lure-related novelty responses in the hippocampus as well as in exrahippocampal regions. AlErC and PrC showed lure-related novelty responses for similar objects, suggesting successful mnemonic object discrimination. For scenes, we found lure-related novelty responses in PrC, PhC and the hippocampus. This yields evidence that while alErC-PrC are mostly contributing to mnemonic discrimination of objects, both pathways were involved in mnemonic discrimination of scenes. However, paired t-tests between PrC and PhC as well as alErC and pmErC, respectively, could not show significantly higher engagement of one pathway in one or the other condition. This finding might seem to contradict our findings of strong domain-specific responses for objects in PrC-alErC and for scenes in PhC-pmErC. A potential reason is that we limit M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 23 our lure-related novelty analysis to roughly one half of the available trials, which makes it less powerful compared to the domain-specificity analysis.
On the other hand, the domain-specificity index contains information about a relative increase in activity in one compared to the other condition and does not implicate that there is no activity related to scenes in PrC. Indeed, the literature suggests that the underlying functional architecture might be more complex than a simple dichotomy (see also (Connor and Knierim, 2017; Save and Sargolini, 2017) for recent reviews). A recent study in rodents indicated that object and spatial information is available in both pathways, but that this information is organized differently in LEC and MEC (Keene et al., 2016) . While LEC prioritized object over location information, MEC prioritized location over object information. Another recent study reported sustained firing of perirhinal cells for spatial frames rather than only single objects (Bos et al., 2017) . These findings contrast with the view that PrC contains only representations of discrete objects and would explain why we also find lure-related novelty responses for scenes in PRC.
Finally, there is also the possibility that although we designed our stimuli carefully in accordance to the findings from the animal literature, the changes in our scene lure stimuli also engage PrC. While we only changed the shape of object features to create object lures, but did not change the color or texture, we modified the overall geometry of the rooms to create scene lures. This resulted in rather global than local feature changes in the images. Still, there is the possibility that subjects perceive the differences between original and lure scenes as feature changes, which might also engage PrC and alErC in addition to PhC and pmErC.
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Furthermore, in contrast to our findings, earlier studies reported lure-related novelty responses in the hippocampus during object as well as scene mnemonic similarity tasks (Bakker et al., 2012 (Bakker et al., , 2008 Berron et al., 2016; Lacy et al., 2011; Reagh and Yassa, 2014) . This contrasts with the rather weak lure-related novelty responses in the hippocampus related to the discrimination of similar objects in our results. However, lure-related novelty responses in earlier studies were mostly limited to subregions DG and CA3 and were not evident in the remaining part of the hippocampus. Given the resolution in the current study and the resulting limitation on subfield analyses, our results should not be taken to conclude that hippocampal subfields are not involved in mnemonic discrimination of objects. This has to be investigated in follow-up studies using high-resolution fMRI techniques. Taken together, our data suggest that visual discrimination of similar stimuli does not only depend on the hippocampus and DG/CA3 but also involves the respective input pathways for spatial and object information.
Difficulties in mnemonic discrimination of objects and scenes in ageing
Our behavioral performance data show that while older subjects do not have difficulties to identify repeated images, they have problems to identify similar lures. This has been already reported by other studies showing impairment in tasks that are meant to tax object pattern separation (Pidgeon and Morcom, 2014; Stark et al., 2013; Yassa et al., 2011) as well as spatial pattern separation Stark et al., 2010) . In addition, our reaction time data suggest that older subjects have a bias towards "old" responses indicated by faster reaction times for false alarms and hits in contrast to correct rejections. This bias could also imply a higher percentage of guesses within the correct hits of older participants. Although we are unable to quantify this proportion, there is the possibility that older subjects have also difficulties to identify hits.
Several recent studies investigated whether object or spatial discrimination is more sensitive to ageing. Reagh and Yassa used a task in which they compared the performance of young and older subjects in detecting changes in object identity compared to a change in object location (Reagh et al., 2016) . They found that older individuals with and without impairment in verbal memory (RAVLT, delayed recall) showed different performance profiles in a mnemonic discrimination task. While nonimpaired subjects showed difficulties limited to object identity discrimination, the impaired older subjects showed difficulties in both the object identity and change-in-object-location task. Following a similar approach, Johnson and colleagues reported age-related deficits in object discrimination in rodents. Although they did not use spatial learning and memory tasks that were equally matched in task difficulty, they reported less impairment in the spatial domain in the same animals (Johnson et al., 2017) . Another recent study reported that test scores in the Montreal Cognitive Assessment battery in older adults shared a stronger association with object memory than memory for scenes M A N U S C R I P T
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25 (Fidalgo et al., 2016) which suggests that already impaired older subjects show predominant impairment in object memory. Although this indicates that object discrimination might indeed be more sensitive to ageing, so far there is no study yet showing differences in difficulty-matched object and scene tasks in older adults. Our results show that while healthy older subjects are impaired in discriminating similar images, this impairment is not specific to objects or scenes. This is further corroborated by a recent study from Stark and Stark in which they compared discrimination performance between young and older subjects in two mnemonic similarity tasks -one using object and one using scenes (Stark and Stark, 2017) . The tasks had notable differences compared to ours as their lure stimuli varied on various dimensions including size, color orientation and position. In addition, the scenes used in their task contained various objects that could be subject to change in their similar counterpart. However, older subjects again showed an overall impairment in lure discrimination in the object as well as in the scene task.
Functional integrity of anterior-temporal and posterior-medial pathways
To investigate age-related functional changes in both medial temporal pathways, we compared domain-specificity scores as well as lure-related novelty signals between age groups. Lure-related novelty responses were evident in older subjects for both objects and scenes and we did not find evidence for differences between age groups. However, domain-specificity scores showed that there was a significant reduction in domain-specificity in PrC of older compared to young individuals. We found a similar but weaker result in alErC, which also showed reduced domain specificity but did not survive multiple comparisons correction.
In ageing research it is always difficult to know whether this reduction of domain-specificity is related to reduced performance and therefore less correct trials. However, in this case the domainspecificity analysis is done using all object and scene trials, which likely limits the influence of correct trials. In addition, there are differences in the behavioral performance of young and older subjects in both object and scene conditions. However, we only see a significant group difference specifically in PrC but not in PhC or pmErC. If this result would reflect difficulty per se, we would expect a similar reduction in PhC or pmErC. Finally, we found a significant correlation between the performance in object mnemonic discrimination and domain-specificity scores in PrC in older individuals but not in the young group. This means that although there are some young participants that had difficulties with the task, this was not associated to the domain-specificity score. Thus, we believe that our results rather indicate impairment in the older group. Earlier neuroimaging studies also reported similar findings. While Ryan et al. reported reduced activity in PrC of older adults in an object discrimination task which was specifically associated with lower performance in the discrimination of M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 26 objects that shared high feature overlap (Ryan et al., 2012) , Reagh and colleagues showed that reduced alErC activity was related to worse object mnemonic discrimination (Reagh et al., 2017) .
Although our sample of older adults was seemingly healthy, it is likely that several of these older participants already harbor tau pathology in their medial temporal lobes (Braak and Braak, 1991) .
Due to the lack of CSF and PET biomarkers in our study we cannot quantify this proportion.
Postmortem data point to the lateral ErC and PrC as the first cortical regions to accumulate tau neurofibrillary tangles (NFTs) in AD (Braak and Tredici, 2012) . More specifically, tau deposits in the transentorhinal region (Braak stages I/II), which is part of the PrC, are common in individuals aged 60 and above (>60%) and are considered as silent, preclinical stages of AD (Braak and Braak, 1997) . In accordance with the neuropathological data, a study demonstrated that preclinical AD patients (progressors vs. non progressors) showed already reduced cerebral blood volume (CBV) measures in the lateral entorhinal, transentorhinal and perirhinal cortex (Khan et al., 2014) . Recent structural MR-imaging studies could also detect early structural alterations in perirhinal and lateral entorhinal cortex in ageing (Olsen et al., 2017) and early stages of AD (Krumm et al., 2016; Miller et al., 2015; Wolk et al., 2017; Yushkevich et al., 2015) . Thus, reduced domain-specificity in PrC and domainagnostic activity in alErC could be an early indicator of functional impairment in MTL pathways.
Taken together, we show functional domain specificity in PrC-alErC and PhC-pmErC for objects and scenes, respectively. In addition we show lure-related-novelty signals associated with the discrimination of similar objects and scenes. While lure-related novelty responses in MTL subregions are maintained in old age, domain-specificity is reduced in PrC and alErC and this reduction in PrC is associated to worse object mnemonic discrimination in older adults. Thus, our data suggest that ageing might affect the MTL object pathway disproportionally strong -with a deficit in mnemonic discrimination associated with ageing in both domains. It will be important to relate the functional and behavioral underpinnings of domain-specific memory processing to preclinical AD pathology to understand whether pathology is associated with a domain-selective impairment.
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